A functional module can be defined as a spatially or chemically isolated set of functionally associated components that accomplishes a discrete biological process. Modularity is a key attribute of cellular systems, but the mechanisms that underlie the evolution of functional modules are largely unknown. Duplication of modules has been shown to be an efficient mechanism for the generation of functional innovation in the field of artificial intelligence, but has not been studied in biological networks. Therefore, we ask whether module duplication occurs in cellular networks. We developed a generic framework for the analysis of module duplication, and use it in a large-scale analysis of Saccharomyces cerevisiae protein complexes. Protein complexes are well defined, experimentally derived, functional modules. We observe that at least 6%-20% of the protein complexes have strong similarity to other complexes; thus a considerable fraction has evolved by duplication. Our results indicate that many complexes evolved by step-wise partial duplications. We show that duplicated complexes retain the same overall function, but have different binding specificities and regulation, revealing that duplication of these modules is associated with functional specialization.
A functional module can be defined as a spatially or chemically isolated set of functionally associated biological components that accomplishes a discrete biological process (Hartwell et al. 1999; Ravasz et al. 2002) . Modularity is a key attribute of cellular systems (Hartwell et al. 1999; Snel and Huynen 2004) , such as the transcriptional (Ihmels et al. 2002) , metabolic (Ravasz et al. 2002) and the protein interaction networks (Rives and Galitski 2003; Wuchty et al. 2003; Pereira-Leal et al. 2004 ). Here, we study protein complexes as functional modules in the protein interaction network.
The mechanisms that underlie the evolution of functional modules are largely unknown. Theoretical simulations in neural networks have shown that duplication and specialization of entire modules is an effective mode of network growth (Calabretta et al. 1998 (Calabretta et al. , 2000 . In biological systems duplication is observed at different scales, such as genes, chromosomal segments, and whole genomes. For example in genomes, duplication of individual genes is a major mechanism of evolution (Teichmann et al. 1998 ) and represents a source of both functional novelty and specialization (Prince and Pickett 2002) .
New modules could evolve either by duplications of their components, or by evolution of a novel interface between existing components. The second scenario must have occurred frequently, as there are many functional modules in biology that are dissimilar to each other, such as the ribosome and RNA polymerase. However, we also know of many examples in which functional modules consist of similar components. For these cases, the components must have evolved by duplication, but it is unclear how duplication of individual genes could contribute to the duplication of functional modules. The observation that yeast has undergone a complete genome duplication (Wolfe and Shields 1997; Dujon et al. 2004; Kellis et al. 2004) , in conjunction with the dosage balance theory (Papp et al. 2003a; Veitia 2003) suggests that duplication of complete modules might have occurred in the yeast protein interaction network. At the same time, incremental evolution is known to be important for evolution of metabolic pathways (Teichmann et al. 2001 ) and transcriptional regulatory networks (Conant and Wagner 2003b; Teichmann and Babu 2004) . This suggests that incremental, stepwise duplications should also occur for functional modules. The relative contribution of these duplication mechanisms to the generation of new modules in yeast is unclear.
Protein complexes are one well-defined type of functional module in cells, as they represent physical modules in the protein-protein interaction network (Dezso et al. 2003) . The observation that some complexes have similarities to other protein complexes in terms of component composition lends further support to the hypothesis that duplication of functional modules occurs in biological systems. Examples are the complexes involved in tethering and fusion of intracellular vesicles (Whyte and Munro 2001, 2002) , and the snRNP complexes (SalgadoGarrido et al. 1999) . These examples are found across many eukaryotes, suggesting that duplication of functional modules, specifically of protein complexes, may be a widespread evolutionary phenomenon. So far, there has not been a comprehensive assessment of this phenomenon, to our knowledge. Here we address the extent to which duplication of protein complexes has occurred in the yeast, Saccharomyces cerevisiae, the mechanisms involved in the duplication of a protein complex, and the functional consequences of such duplication. Understanding how new complexes are generated, and how homologous complexes differ in their functions has implications for the prediction of threedimensional structure and protein engineering of complexes, as well as functional assignment of uncharacterized complexes identified in large-scale experiments (Gavin et al. 2002; Ho et al. 2002) .
Results and Discussion
Are protein complexes in yeast duplicated?
In order to determine if protein complexes can undergo duplication, we need to define the possible duplication scenarios. In the first scenario, some but not all components of a complex duplicate, which gives rise to a new complex that consists of some of the same components as the ancestral complex, as well as a few components that are not identical, but are similar to the ancestral components. We call this situation a "partial duplication" that results in "concurrent complexes." These concurrent complexes have some shared, identical components and other similar, homologous components, as illustrated in Figure 1A . The second scenario consists of duplication of all the components of a complex, which we call a "complete" duplication. After sequence divergence of the components such that each set of components specifically recognizes themselves only, there will be two complexes with similar, but no shared components, as shown in Figure 1A . We call such complexes "parallel complexes." Both parallel and concurrent complexes are homologous complexes. In addition to partial or complete duplications of components, unrelated components can be gained or lost in complexes. We can ascertain whether duplication has occurred by identifying cases where pairs of complexes have similar and/or shared sets of components. We call such protein complexes homologous, because they are evolutionarily related through duplication of one or more of the components in the complexes.
In order to determine whether and to what extent any form of complex duplication occurs in cellular networks, we looked for homologous protein complexes within three independent data sets for the budding yeast S. cerevisiae (Gavin et al. 2002; Ho et al. 2002; Mewes et al. 2002) . The most accurate, but also smallest data set are the manually curated protein complexes provided by the MIPS/CYGD database (Mewes et al. 2002) . These represent predominantly stable protein complexes, whose components tend to be permanently associated in the cell. This data set was used to develop and calibrate a homology detection method for duplication events across complexes. The two other data sets of protein complexes are from large-scale purification and mass spectrometry experiments by TAP (Gavin et al. 2002) and HMS-PCI (Ho et al. 2002) . These data sets have a significant proportion of false positives, and represent a combination of permanent and transient protein interactions. Many of the complexes in these two data sets are slightly different versions of the same complex. This was an important factor for our method of determining homologous complexes. In order to quantify the level of similarity between two complexes, we developed a simple scoring system that takes into account the number of similar and shared proteins, as well as complex size. (Please refer to Fig. 1B and the Methods section for details.) This is a generic methodology and can be used to analyze other types of functional modules as well. Due to the nature of the large-scale data sets of protein complexes identified by mass spectrometry, we were conservative in allowing shared components (see Methods). This means that our estimates for the extent of duplication among protein complexes are a lower bound, but ensures that our analysis will not be contaminated by false positives. This is important as we wish to investigate the mechanisms and consequences of module duplication. With these conservative parameters, we observe several instances of homologous complexes in all three data sets. Seven percent (7%) of the MIPS complexes and 6% of the TAP complexes have homologous complexes (Fig. 2) . In the HMS-PCI complexes, the fraction is higher: 20%. This may be due to a bias towards signal transduction and DNA damage response (Ho et al. 2002) in the proteins studied in this data set, while in the two other data sets, functional classes are more homogeneously distributed. In all three data sets, these levels of duplication are significantly higher than could be expected by chance, with Pvalues less than 10 ‫3מ‬ based on 1,000 experiments with random shuffling of the complex components. These results show that duplication of modules is an important mechanism for creation of new protein complexes, albeit not the predominant one. Duplicated complexes occur in all functional categories and subcellular localizations, and the components of the complexes are not necessarily coexpressed. A more extensive discussion of this is available in the Supplemental material. Note that these numbers provide lower estimates for the contribution of complex duplication in cellular networks, and that the true contribution is likely higher. For example, Figure 1 . Detection of duplicated proteins complexes. (A) Schematic illustrating two types of duplication of protein complexes. In the top panel on the left, we show a partial duplication in which one of the proteins in the complex has duplicated, and the other protein is part of both resulting complexes. On the right, a duplication of both components of the complex is illustrated, which we term 'complete duplication' of a complex. In the bottom panel, we give an example of yeast protein complexes that follow the two duplication scenarios. The heterodimeric complexes farnesyl transferase (FTase), genranylgeranyl transferase I (GGTase I) illustrate a partial duplication. They share one subunit (␣ subunit, shown in yellow), but each has a distinct ␤ subunit, coded by paralogous genes (shown in shades of blue) (Casey and Seabra 1996) . GGTase I and Rab Geranylgeranyl Transferase (RabGGTase) illustrate a complete duplication. Paralogous genes code for the ␣ and ␤ subunits of both complexes (Casey and Seabra 1996) . (B) Schematic representation of the method used to identify duplicated complexes. Each pair of complexes is compared in terms of their components to ascertain whether they are homologous, having evolved by partial or complete duplication. Any components that are shared, in other words that are identical proteins, are counted, as represented by the variable I. Any components that are homologous according to their domains as assigned by the Pfam or SUPERFAMILY databases, or by sequence similarity, are counted as similar components, represented by the variable S. For each pair of complexes, a score based on S, I, and the sizes of the two complexes (C) is calculated. If the score exceeds a certain threshold, we consider the two as duplicate (or homologous) complexes. If the two complexes have similar as well as identical components, they have evolved by partial duplication, and if only similar components are present, they have evolved by complete duplication.
the complexes discussed in the introduction are not contained in any of the data sets, and as such were not used in this quantification. However, for the functional and evolutionary analysis presented below, it is critical that we do not have false positive homologies.
How do complexes duplicate?
The groups of homologous complexes we have identified have clearly evolved by duplication of some or all of the components of the complexes. On the one hand, it seems unlikely that several components of a complex would duplicate even roughly simultaneously, unless they are clustered within one chromosomal region, or they are the result of a complete genome duplication as observed in S. cerevisiae (Wolfe and Shields 1997; Dujon et al. 2004; Kellis et al. 2004 ). On the other hand, duplication of some but not all components of a complex will create a dosage imbalance that may have deleterious effects (Papp et al. 2003a; Veitia 2003) , and would not be expected if complete genome duplication is the main route by which duplication of protein complexes occurs. Concerted duplication of all components would result in parallel complexes, such as GGTase I and Rab GGTase (Fig. 1A) . The outcome of a stepwise process would be the existence of concurrent complexes, with some shared and some homologous components, such as FTase and GGTase I (Fig. 1A) . Figure 2 summarizes the extent of partial and complete duplications within the three data sets. In these experimentally derived physical modules, concurrent complexes predominate (67% MIPS, 70% TAP, 96% HMS-PCI). In 1000 random shuffling experiments, we find that concurrent complexes are significantly more frequent than expected by chance (P < 10 ‫3מ‬ in all cases). The duplication of subunits of duplicated complexes could occur in three ways. First, duplication of several or all components could occur if the genes are clustered on a chromosome and are duplicated as the result of segmental chromosomal duplications. Secondly, duplication of parallel complexes could occur as the results of a complete genome duplication, and concurrent complexes could also evolve in this way if complete genome duplication was followed by extensive gene loss. Third, protein complexes (both concurrent and parallel) could duplicate in a partial, stepwise manner. We will discuss the three possibilities below. For complete simultaneous duplication to occur as a result of a segmental duplication, one would expect components of modules with duplicates to be adjacent on a chromosome, as it is difficult to envisage simultaneous duplication of distinct chromosomal segments. In order to test this hypothesis, we asked whether genes coding for proteins in duplicated modules are more likely to be adjacent in yeast chromosomes than those of singleton modules. As noted before (Teichmann and Veitia 2004) , we observe that the components of protein complexes are significantly more likely to cluster in the chromosome than are random gene pairs. However, we fail to observe any increased chromosomal clustering in genes coding for components of homologous complexes (see Supplemental material).
One alternative hypothesis would be that the generation of these duplicated complexes originated from the complete genome duplication observed in yeast (Wolfe and Shields 1997; Dujon et al. 2004; Kellis et al. 2004) , and that concurrent complexes would be the result of gene loss, rather than stepwise duplication. However, only a very small proportion of the paralogous gene pairs in duplicated complexes can be traced to complete genome duplication (Kellis et al. 2004) : one out of 39 in MIPS, one out of 62 in TAP, and 12 out of 158 in HMS-PCI. Furthermore, most of the duplicated complexes listed in Table 1 exist in duplicated forms in eukaryotes from entirely different phylogenetic branches, implying that their duplication occurred prior to the divergence of fungi and metazoa. An example is the AP-complexes, which exist in all eukaryotes that have a completely sequenced genome. The two dehydrogenase complexes even exist in prokaryotes. This indicates that the duplication of these complexes occurred long before the complete genome duplication in S. cerevisiae. In fact we find that more extensive duplication of individual complexes is observed in other organisms, and the numbers of duplicates do not concur with complete genome duplications known for these organisms. For example there is further duplication of some subunits of the AP-1 and AP-2 complexes in mammals, giving rise to alternate forms of these complexes (concurrent complexes), as well as a complete duplication giving rise to the AP-4 complex. These two observations indicate that the complete genome duplication followed by extensive gene loss that happened in S. cerevisiae was not a major contributor to the duplication of protein complexes. We cannot however discount a role for more ancient whole genome duplications, which we cannot resolve given the completely sequenced genomes currently available. Considering all our results, the most plausible explanation is that partial, stepwise duplications of individual components of protein complexes is prevalent over simultaneous duplications of many components.
In order to gain more insight into the extent of partial and complete duplications among protein complexes, we analyzed the simplest unit of the protein interaction network-binary interactions. We applied the same methodology of homology detection to the binary protein-protein interactions (excluding interactions determined by yeast-two-hybrid assays). The network of protein-protein interactions is often represented as a graph of interactions between pairs of proteins (Jeong et al. 2001; Wagner 2001) , encompassing both transient and permanent interactions. Sixty percent (60%) of the interactions in this network have arisen by duplication, of which the majority are partial duplications (92%; Fig. 2 ). Thus, although we do observe some instances of complete duplication, partial duplication is clearly the predominant mechanism for creating new protein interactions.
In summary, our results point to partial, stepwise duplications being a frequent route of duplication of protein complexes. It is important to note that in the three data sets, a proportion of the duplication events correspond to parallel complexes, i.e., complete duplications. Are these complete duplications the result of a simultaneous duplication of the different components, or are they the final outcome of a series of partial duplications? Very little information on the evolution of protein complexes is available, but anecdotal examples like the proposed evolutionary route of the AP-complexes suggest the latter. A hypothesis proposed for the evolution of these complexes is that three out of the four subunits duplicated initially, while the fourth subunit remained as a single copy and was shared between the AP1 and AP2 tetramers. This is the constellation observed in C. elegans and D. melanogaster. Later, the subunit duplicated as well, so that all four components are homologous in AP1 and AP2, and no components are shared. This is observed in budding yeast, mouse and human (Boehm and Bonifacino 2001) .
According to the gene dosage balance hypothesis (Papp et al. 2003a; Veitia 2003) there is a dosage imbalance immediately after duplication if some, but not all, of the components of a complex duplicate. This is because the relative concentrations of the components change, upsetting the stoichiometry and binding equilibrium of the complex. This may have a deleterious effect, and if this is the case it would be selected against. The situation is exacerbated by the essential nature of many of the complexes detected as duplicates. For example, protein prenylation is an essential process in eukaryotes, but is mediated by three complexes, representing both partial and complete duplication What are the functional consequences of module duplication?
Having established that duplication of protein complexes is a feature of the protein interaction network of the budding yeast, we now ask what are the differences in function between homologous complexes. When an individual gene is duplicated, one of the copies is often lost due to asymmetrical selection (Prince and Pickett 2002; Conant and Wagner 2003a) . However, when both copies are conserved, then either the duplicate acquires a different function (neofunctionalization), or there is a specialization or division of the original function between the two duplicates (subfunctionalization) (Prince and Pickett 2002) . In artificial, man-made systems such as neuronal networks, duplication of modules is associated with functional specialization. Thus we hypothesize that in cellular networks, duplication of protein complexes is used to achieve functional specialization. According to this hypothesis, homologous complexes should have the same general functionality. In order to test this, we determined the likelihood of two homologous complexes having the same general function, using the GO (Ashburner et al. 2000) definition of biological processes and subcellular localization (Huh et al. 2003) . In all the data sets, the majority of pairs of homologous complexes are assigned to the same GO biological process and subcellular localization, and these numbers are significantly larger than expected by chance (Fig. 3) . These results imply that duplicated modules tend to retain the same general functionality. Detailed analysis of all the duplications in the manually curated complexes lends further support to this, and also reveals that duplication leads to complexes with different specificities in their activities, according to the concept of subfunctionalization (Table 1 ).
All the groups of homologous complexes identified by us in the MIPS data set of manually curated complexes are listed in Table 1 along with our description of their functions and functional similarities and differences. The SWI/SNF and RSC complexes provide a good example of the phenomenon of functional specialization. Both are involved in transcriptional regulation and chromatin remodelling and can act as activators and repressors. However, their yeast mutant phenotypes are different, and there is some evidence to suggest that they act on different target genes (Martens and Winston 2003) , illustrating duplication with retention of function but different specificities. This is true even for those cases that are classified to different GO cellular processes or subcellular localizations. For example, the heterodimeric enzymes farnesyl transferase and geranylgeranyl transferase shown in Figure 1A are classified in two distinct biological processes, protein modification and signal transduction respectively. However, both enzymes mediate the covalent modification of proteins with isoprenylgroups, the main difference between them lying in their lipid and protein substrates (Casey and Seabra 1996) .
One example of modules with different subcellular localizations comes from the AP-2 and COPI coat proteins. The AP-2 complex is well characterized, mediating the targeting and nucleation of clathrin coats, operating in the endocytic pathway between the plasma membrane and early endosomes (Boehm and Bonifacino 2001) . In contrast COPI, active in the early stages of the secretory pathway, is composed of two subcomplexes: F-COPI and B-COPI. B-COPI lacks any detectable similarity to clathrin, but is described as a "coat-like" complex (Boehm and Bonifacino 2001) . F-COPI contains four subunits, all homologous to the four AP-2 subunits. The pattern of subunit interactions is similar in AP-complexes and the F-COPI complex (Takatsu et al. 2001) , and recent structural analysis of the ␥-subunit of the F-COPI complex reveals strong similarity to the ␣ and ␤ subunits of AP-2 complex (Hoffman et al. 2003) . Thus despite very remote homology and distinct subcellular localizations, the AP-complexes and the F-COPI complex are both adaptor complexes that bind different coat proteins (clathrin or B-COPI) in a similar way.
The two examples mentioned in the Introduction, which are not included in the data sets studied here, further support this trend. The exocyst and the COG are two related tethering complexes that attach vesicles to the destination membrane prior to fusion. They perform the same function in distinct target membranes (the plasma membrane and the Golgi, respectively, Whyte and Munro 2001, 2002) . The snRNP family of protein complexes includes the canonical Sm complex, which binds the small nuclear RNAs (snRNA) U1, U2, U4, U5 and the related LSm complex (subunits LSm2 to LSm8), which binds the snRNA U6 and P RNA. Both complexes are involved in splicing (Salgado-Garrido Figure 3 . Functional consequences of complex duplication. Proportion of pairs of duplicated complexes belonging to the same GO biological process and to the same subcellular localization, compared with 10,000 random samplings of equal size of the data sets. In all cases pairs of duplicated complexes are significantly more likely to have the same functional assignment than could be expected by chance (z MIPS = 8.0, z TAP = 13.1, z HMS-PCI = 35.0, in all cases P Յ 10 ‫4מ‬ ). For similar subcellular localization, the proportion of complexes is significantly larger than could be expected by chance (z MIPS = 2.15 P Յ 10
‫2מ‬
, z HMS-PCI = 9.6 P Յ 10 ‫4מ‬ ) in both the MIPS and HMS-PCI data sets, and the TAP data set does not show any significant deviation from the random expectation. In an independent experiment controlling for shared proteins in duplicated complexes, we observed that in all data sets, and for both classification schemes, the proportion of homologous complexes with the same classification is significantly higher than expected by chance (P < 10
‫4מ‬
). et al. 1999). Interestingly, if one subunit of the LSm complex is changed (LSm1 instead of LSm8), this new complex, which includes two extra proteins (Xrn1 and Pat1) no longer binds SnRNAs, and becomes active in decapping of RNAs in the general degradation pathway. All these complexes form a heteroheptameric ring, which binds RNAs; the specificity to the RNA and of the pathway involved being determined by the subunit composition (Salgado-Garrido et al. 1999; Bouveret et al. 2000) .
These results strongly support the view that complex duplication is a mechanism by which evolution generates functional specialization. This extends what has been found previously for duplication of individual genes (Prince and Pickett 2002) , and is in agreement with the behavior of artificial systems such as neural networks (Calabretta et al. 2000) .
Conclusions
In conclusion, we observe that a considerable fraction of yeast protein complexes have evolved by duplication of components. We suggest that stepwise, partial duplication is a more common evolutionary route to module duplication than concerted duplication of all components. Our analysis indicates that duplication is accompanied by evolution of novel specificities, with retention of general function. These findings have implications for structural and functional annotation of uncharacterized protein complexes, and also to the engineering of new protein interactions.
How general are these results for other biological interactions? In metabolic pathways, serial duplication of multiple enzymes is observed rarely, if at all. Duplicate enzymes are distributed across the metabolic network without any coherence, because substrate specificity can change rapidly in evolution (Teichmann et al. 2001) . Therefore, duplication is unlikely to play a role in evolution of metabolic modules. In transcriptional regulatory networks, duplicate transcription factors and target genes frequently inherit regulatory interactions. So although entire regulatory network motifs are not duplicated (Conant and Wagner 2003b; Teichmann and Babu 2004) , it is possible that duplication could play a role for regulatory modules if defined in a different way from network motifs. In other words, for protein interactions and transcriptional regulatory interactions, the duplicated gene frequently remains associated with its ancestor, i.e., it retains a direct functional association. In contrast, in smallmolecule metabolism, duplicated enzymes do not retain an association with the ancestral gene. The reason may be that the link between consecutive enzymes in a pathway is via a small molecule, and the binding pockets for these molecules are small and flexible in evolution. In contrast, transcriptional regulatory interactions occur via protein-DNA binding, involving a larger interface, and protein-protein interactions are mediated by even larger surfaces, which must evolve most slowly of all three types of interactions.
The results presented here lend further support to the idea that general principles observed in artificial organized systems also occur in the biological organization of cells (Jeong et al. 2000) . Modularity has long been recognized as a feature of engineered systems. However, it is unclear whether it contributes to the ability of organisms to respond to selective challenge (Hansen 2003) . Our results add to this debate and strongly support the view that, as in engineered systems, modularity provides relatively isolated units, which can be readily reconfigured and duplicated to adapt to novel circumstances. However, the stepwise duplication mechanism we propose is not typical of engineered systems. Thus, even though evolution accomplishes logical and efficient designs (Alon 2003) , it acts as a "tinkerer" rather than an "engineer" (Jacob 1977) .
Methods

Data sets
Three yeast protein complex data sets were used in this study: the manually curated MIPS/CYGD (Mewes et al. 2002) catalog of complexes (1185 proteins, 216 complexes), and two sets of complexes identified in large-scale proteomic experiments: TAP (Gavin et al. 2002) and HMS-PCI (Ho et al. 2002 ) (589 and 741 protein complexes respectively, involving 1474 and 1578 proteins, respectively). Pairwise protein interaction data for yeast were obtained from the physical interactions table of MIPS/ CYGD (Mewes et al. 2002) , excluding interactions determined by yeast-two-hybrid, comprising 745 proteins and 991 interactions.
Detecting module duplication
We define two modules as homologous if the majority of their components are similar. We searched for instances of module homology by pairwise comparison of all components within protein complex data sets. Component similarity was determined based on one or more of three criteria: domain architecture, i.e., the N-to-C terminal series of domains, determined from the domain assignments in the SUPERFAMILY database (Madera et al. 2004) or the Pfam database (Bateman et al. 2004 ), or FASTA (Pearson 1990 all-against-all comparisons within the yeast proteome, at a threshold of E < 10
‫2מ‬
. These criteria maximize sensitivity and coverage of the protein space. The use of SUPERFAMILY and Pfam provide high sensitivity searches and explicit consideration of domain architectures, either based on SCOP structural domains in Superfamily (Madera et al. 2004) or sequence domains in Pfam (Bateman et al. 2004 ). The incomplete coverage of these two resources was complemented by the use of FASTA comparisons, which although providing lower sensitivity, provides complete coverage of the yeast genome.
We processed the domain assignments from SUPERFAMILY and Pfam as follows: we ignore gaps and tandem domain duplications. Because some domains and domain architectures are very common among the domain assignments in each data set, we eliminate the top ∼1% most frequent domain architectures among the SUPERFAMILY assignments. This excludes single domain proteins from the P-loop ATP hydrolase, ARM repeat, WD-40 repeat, Protein Kinase-like, histone fold, and RNA-binding domain superfamilies. We eliminate the ∼0.5% most frequent Pfam domain architectures, which excludes the Protein kinase family, the WD40 family, the TCP1/Cpn60 chaperonin family, the RNA recognition motif family, and the Proteosome A and B type families.
Quantifying the degree of module similarity
In order to quantify the degree of similarity between two complexes, we calculate a score that takes into account similar and identical components. Our scoring scheme for comparison and quantification of protein complex similarity is generic and can be used to compare other types of modules. The expression for the score is:
, where I is the number of identical (i.e., shared components), S is the number of similar components, and C 1 and C 2 the sizes of the complexes compared.
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For S, only one similarity count is considered if there are two or more homologous components in one complex that all match a single component in the other complex. The use of
as a normalizing factor avoids artificially high or low scores when a small complex is compared to a large one. The D score is bound between zero and one, where D = 0 indicates no similarity between the components of the two complexes, and D = 1 indicates that all components are similar or shared. In order to avoid considering cases where most components are shared (which are likely to represent different instances of the same complex in the two data sets determined by highthroughput methods), we demand that the S Ն I and that S + I > 2.
Using the manually curated MIPS complexes as a gold standard, we determined a threshold of D Ն 0.5 by manual inspection of the matched complexes. Above this threshold, there are no erroneous matches between unrelated complexes (false positives) according to our manual inspection of the MIPS complexes, but a few homologous complexes (false negatives) are not identified as similar. As our primary goal is to ascertain definitively whether duplication of functional modules occurs at all in cellular systems, our priority is to avoid false positives. We thus aim for maximum precision (i.e., finding module duplications with high reliability) and not for large coverage (i.e., finding all possible cases of duplication but also including false positives). The significance of the observed level of duplication of complexes was assessed by 10,000 random shuffling experiments in which the sizes of the complexes in terms of number of components was kept constant, while the identity of the components was randomized. P-values were calculated as the fraction of these experiments that had more duplicates than observed in the original data set. The same procedure was used to calculate the significance of partial and complete duplications.
Functional analysis
To determine the function of a complex, we used the GO functional classifications (Ashburner et al. 2000) at the biological process level as implemented in the GoSlim annotation of the yeast proteome, obtained from SGD (Christie et al. 2004) . In this scheme, there are 33 different functional categories, and one protein can be assigned to multiple categories. The complexes are assigned to functional categories based on a majority-voting scheme, and at least half of the proteins in the complex have to belong to the most frequent category. Subcellular localization information for twenty-two cellular compartments in yeast determined in a large-scale study (Huh et al. 2003 ) was used to assign localization to complexes in the same way as the functional categories. The significance of the observed functional similarity in homologous complexes was assessed by comparison to the results obtained by two types of random shuffling experiments. The first experiment, shown in Figure 3 involves 10,000 random samplings of proteins from the data set, with the same size and distribution as the detected homologous complexes. The second experiment (not shown) was designed to control for the fact that many complexes share components. It involved shuffling the functional annotation of the proteins 10,000 times. This means that the functions of homologous complexes are random, while the fraction of shared proteins is conserved.
Analysis of pairwise protein interactions
The pairwise physical interactions table from MIPS/CYGD without the interactions determined by yeast-two-hybrid (downloaded on the 12 th August 2003) consists of 991 interactions involving 745 proteins. Homology was assessed the same way as described for components of protein complexes. Any two interactions that have one protein in common and homology between the other proteins are counted as partial duplicates in Figures 2B ,C. Any two interactions for which both proteins are homologous (but not identical) are considered complete duplicates.
